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(57) ABSTRACT

Magnetoelectronic components comprise at least one oblong
working structure made of a ferromagnetic material, along
which magnetic domain walls can migrate, means for apply-
ing an electric current to this working structure, and at least
one magnetic field sensor for the magnetic field generated by
the working structure. The working structure 1s designed so
that it 1s able to form domain walls, the transverse magne-
tization direction ol which in the center has no preferred
direction 1n the plane perpendicular to the migration direc-
tion thereof along the working structure, and/or can form
massless domain walls. It was found that the kinetic energy
of such moving domain walls vanishes. These walls are thus
not subject to the Walker limit nor to intrinsic pinning. As a
result, the components can read, store or process and finally
output information more quickly. The invention also relates
to a method for measuring the non-adiabatic spin transier
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parameter 3 of a ferromagnetic material. This method was
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MAGNETOELECTRONIC COMPONENTS
AND MEASUREMENT METHOD

BACKGROUND OF THE INVENTION

The 1nvention relates to magnetoelectronic components
and to a measurement method, in the execution of which
these components can be employed.

Magnetic shift registers, which are also known as “race
track memory”, are magnetic memory devices that combine
the robustness of flash memory, the speed of DRAM
memory as well as the reversibility and non-volatility of

hard drives. Such a shiit register 1s known from (S. S. P.
Parkin, M. Hayashi, L. Thomas, “Magnetic Domain Wall

Racetrack Memory”, Science 320, 190 (2008)). Changes 1n
magnetization, and thus domain walls, are introduced in
oblong, ferromagnetic memory structures and pass through
the memory structures longitudinally. This process takes
advantage of an etlect known as the spin transfer eflect, as
a result of which magnetic domain walls can be moved 1n
thin memory structures 1n a controlled manner, along these
memory structures, by applying electric currents. As 1s
customary for hard drives, digital data 1s encoded mto the
distance between two consecutive domain walls.

Mobile domain walls play a role not only in storing, but
also 1n processing information. Logic elements that process
movable domain walls as information units are known from
(D. A. Allwood, G. Xiong, C. C. Faulkner, D. Atkinson, D.
Petit, R. P. Cowburn, “Magnetic Domain Wall Logic”,
Science 309, 1688 (2005)). Domain walls were proposed 1n
(R. Hertel, W. Wulthekel, J. Kirschner, “Domain-wall
induced phase shift in Spin Waves™, Physical Review Letters
93, 257202 (2004)) as information units in logic elements
based on the propagation of spin waves along thin magnetic
strips.

A basic prerequisite for the aforementioned elements to
function 1s the fast and controlled motion of domain walls
along thin magnetic strips. The disadvantage, however, 1s
the velocity at which the domain walls can move i the
memory structures, or in the logic elements, 1s restricted to

several 100 m/s. as a result of the Walker limit (N. L.
Schryer, L. R. Walker, “The motion of 180° domain walls 1n
uniform dc magnetic fields”, Journal of Applied Physics 45,
5406 (1974)). Above the maximum velocity defined by the
Walker limat, cyclic, structural changes 1n the magnetization
take place in the domain walls, putting the integrity of the
stored or processed information at risk and drastically reduc-
ing the storage or processing rate (M. Klaui, P.-O. Jubert, R.
Allenspach, A. Bischot, J. A. C. Bland, G. Faim, U. Rudiger,
C. A. F. Vaz, L. Vila, C. Vouille, “Direct observation of

domain-wall configurations transformed by spin currents”,
Physical Review Letters 95, 026601 (2005)).

SUMMARY OF THE INVENTION

It 1s therefore the object of the invention to provide a
magnetoelectronic component which can read, store or pro-
cess and finally output information more quickly than has
heretolore been possible according to the prior art. Another
object of the invention 1s to simplify the determination of the
non-adiabatic spin transier parameter [, which 1s techno-
logically essential for such working structures, as compared
to the prior art.

These objects are achieved according to the invention by
magnetoelectronic components according to the main claim
and additional independent claim, and by a method accord-
ing to a further mndependent claim, 1n which these compo-
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2

nents can be employed. Advantageous embodiments will be
apparent from the dependent claims.

As part of the invention, a magnetoelectronic component
was developed. This component comprises at least one
oblong working structure made of a ferromagnetic matenal,
along which magnetic domain walls can migrate, means for
applying an electric current to this working structure, and at
least one magnetic field sensor for the magnetic field gen-
erated by the working structure.

An oblong structure shall be understood 1n particular as a
structure having a ratio of diameter to length of less than 1:3,
preferably less than 1:10, and still more preferably of less
than 1:20. Examples of oblong structures are wires, and
notably nanowires.

According to the invention, the working structure is
designed so as to be able to form domain walls, the trans-
verse magnetization direction of which 1n the center has no
preferred direction in the plane perpendicular to the migra-
tion direction thereol along the working structure.

It was found that the very existence of such a preferred
direction constitutes a physical cause of the migration veloc-
ity of domain walls along the working structure being
subject to the Walker limit. If a preferred direction exists,
cach transverse magnetization direction of a domain wall 1s
associated with potential energy with respect to this pre-
terred direction. The further the actual transverse magneti-
zation direction 1s away from the preferred direction, the
more this energy increases.

It was further found that, in the case of a moving domain
wall, the energy that i1s present in the deviation of the
transverse magnetization direction of the wall from an
existing preferred direction 1s dependent on the velocity of
the motion. The magnetization direction aligns at an equi-
librium along the preferred direction to as to minimize the
potential energy.

If the domain wall 1s moved along the working structure
by external intluence, this energy equilibrium 1s disturbed.
Torque acts on the magnetization, causing misalignment of
the domain wall with respect to the preferred direction. As
a result, potential energy 1s constantly present with respect
to this preferred direction. Some of this potential energy,
which can be attributed to the motion, 1s converted into
exchange energy, which 1s to say the inhomogeneity of the
magnetization 1n the working structure increases when the
domain walls are moved faster through the working struc-
ture. The rise 1 potential energy and exchange energy
resulting from the dynamics of the domain wall can formally
be mterpreted as kinetic energy.

If the kinetic energy exceeds a critical threshold, the
magnetization 1n the working structure 1s altered so much
that the micromagnetic structure of the domain walls breaks
down and the accumulated energy 1s released by spin waves.
In the process, magnetic vortices are generated and/or
destroyed. In any case, this 1s associated with a significant
change 1n the structure of the domain wall as compared to
the equilibrium case.

By designing the working structure such that no preferred
direction exists, this kinetic energy associated with the
motion of the domain walls 1s eliminated. It 1s thus no longer
a limiting factor for the velocity of migration along the
working structure. For applications in the magnetoelectronic
component, this means that the component can record,
process or store and finally output information considerably
more quickly than the magnetoelectronic components
known from the prior art.

The type of domain wall that forms between mutually
adjoining regions of the working structure having differing
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magnetizations 1s defined by the shape, the inner structure,
and the material of the working structure. The anisotropies
and magnetic potential landscapes defined by these param-
cters define the state of minimal energy at the boundary
between the differently magnetized regions. As a result, the
type and structure of the domain wall that forms at this
boundary are defined.

In order to provide a deeper physical understanding of the
eflects that were found, the inventors hereafter draw on
formalism introduced i 1948 by Daring (W. Doring,
Zettschrift fur Naturforschung [Magazine for Natural
Research] 3a, 373 (1948)), which assigns kinetic energy and
a mass to domain walls based on the fact that moving
domain walls change as compared to non-moving walls and
the 1increase 1n energy thereot 1s proportional to the square
of the velocity. The term of a domain wall with mass 1s
generalized to the effect that a mass 1s associated with a
moving domain wall every time the energy rises as com-
pared to a non-moving domain wall, and does so not only
when the energy rises with the square of the velocity.

Within the scope of this formalism, the magnetoelectronic
component developed by the inventors comprises at least
one oblong working structure made of a ferromagnetic
material, along which magnetic domain walls can migrate,
means for applying an electric current to this working
structure, and at least one magnetic field sensor for the
magnetic field generated by the working structure.

According to the mvention, the working structure 1s now
designed so as to be able to form massless domain walls.

It was found that the limitation of the velocity of domain
walls 1n the working structure to typically a few 100 m/s,
known as the Walker limit, 1s due to the mass of the domain
walls. The mventors consider the known fact that domain
walls which are moved along thin magnetic strips exhibit
momentum and 1nertia, and thus particle-like dynamics, to
be proof that the mass of domain walls 1s no mathematical
abstraction, but the cause of measurable effects. They found
that the mass of domain walls 1s also the cause of the
existence of the Walker limit for the migration velocity of
domain walls. The physical relationship between the Walker
limit and the mass of domain walls lies 1n the dynamic
alteration of the domain wall structures during the motions
thereof and the resulting increase in the energy density
thereol. The energy density increases until the micromag-
netic structure breaks down. The Walker limit 1s thus tied to
the presence of kinetic energy. A moving domain wall with
mass will inevitably have kinetic energy and thus be subject
to the Walker limat.

It was accordingly found that the kinetic energy of mov-
ing massless domain walls vanishes. Massless domain walls
thus exhibit dynamic behavior, which can be utilized par-
ticularly advantageously for a magnetoelectronic compo-
nent. Massless domain walls are not subject to the Walker
limit and, as a result, can propagate considerably more
quickly than domain walls with mass. Because intrinsic
pinning of domain walls 1s also caused by the mass thereof,
massless domain walls are also not subject to this pinning
and the additional limitations in terms of dynamics associ-
ated therewith. Massless domain walls pass through the
working structure at a velocity that 1s dependent 1mn a
substantially linear manner on the current density in the
working structure. For applications 1n the magnetoelectronic
component, this means that the component can record,
process or store and finally output information considerably
more quickly than the magnetoelectronic components
known from the prior art.
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For massless domain walls, the critical current that 1s
required to 1initiate the motion of the walls through the
working structure also vanishes. According to the prior art,
high values of this critical current were another obstacle 1n
terms of the application maturity of magnetoelectronic com-
ponents ol the type in question. Previously, the technical
difficulty was that currents were able to flow through thin
working structures only up to a defined current intensity
without destroying these structures. Because, at a mimnimum,
a critical current intensity was required to be able to move
the domain walls at all, the technologically usable range of
current intensities was overall severely limited. The working
structures were heated unnecessarily, and scarce power,
notably 1n battery-operated mobile applications, was wasted.

As 1s explained in the specific description section, the
inventors demonstrated, through analytical computations
and micromagnetic finite element simulations, that massless
domain walls exist 1n a working structure that has a cylin-
drical design at least 1n some sections. This 1s the first proof
cver that massless domain walls exist in a specific structure.
Based on previously available information in the expert
community, massless domain walls were merely an i1deal
notion within the scope of the atorementioned concept of
domain walls with mass. The proof provided by the inven-
tors thus goes far beyond merely providing a concrete
example of a working structure that 1s able to form massless
domain walls. It rather encompasses the general technical
teaching that massless domain walls can actually be used 1n
practice for magnetoelectronics.

A person skilled 1n the art 1s generally faced with the
problem of producing a working structure while observing
specifically defined boundary conditions. These boundary
conditions notably follow from the specific purpose of the
component and the specifications for the location of a
complex circuit at which the component 1s to be employed.
Provided with the above general technical teaching, this
person can also apply the means that were used by the
inventors for the prool obtamned based on the specific
example, and that were provided 1n the specific description
section, to systems that satisfy the boundary conditions set
out. From the category of all systems that satisiy the
boundary conditions, this person will then be able to locate
those that are able to form massless domain walls, or that are
able to form domain walls, the transverse magnetization
direction of which 1n the center has no preferred direction 1n
the plane perpendicular to the migration direction thereof
along the working structure. Refining a working structure
that 1s characterized by defined specifications by these
additional advantageous properties has become an addi-
tional design step that 1s available to the person skilled in the
art as a result of the disclosure provided by the inventors.

The teaching of the independent device claims can thus be
carried out by a person skilled in the art.

Massless domain walls, or domain walls the transverse
magnetization direction of which in the center has no
preferred direction 1n the plane perpendicular to the migra-
tion direction therecof along the working structure, can
notably be frontal domain walls. These are domain walls 1n
which the magnetization along the migration direction
through the working structure 1s rotated by 180°, wherein the
walls separate two regions of the working structure which
are magnetized opposite of each other. These regions can be
magnetized through the working structure, notably along or
counter to the migration direction of the domain walls.

Massless domain walls, or domain walls the transverse
magnetization direction of which 1n the center has no
preferred direction in the plane perpendicular to the migra-
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tion direction thereof along the working structure, can
notably be transverse domain walls. The magnetization of
the working structure along each cross-section perpendicu-
lar to the migration of the domain walls 1s then substantially
homogeneous. The micromagnetic structure 1s then depen-
dent solely on the position along the working structure, and
not on the distance from the center of the domain wall.

The electric current that can be introduced 1n the working,
structure by the appropriate means 1s the driving force for
the migration of domain walls along the working structure.
Suitable current pulses can generate changes in magnetiza-
tion, and thus 1n the domain walls proper, 1n the material of
the working structure. As an alternative, the changes in
magnetization can, however, also be introduced 1n the work-
ing structure by way of a local magnetic field and/or by a
rotating magnetic ficld. Moreover, a rotating magnetic field
may be employed, imstead of an electric current, so as to
additionally advance the domain walls along the working
structure. However, this advancement 1s considerably lower
than the advancement that can be achieved by the electric
current.

In an advantageous embodiment of the invention, means
for applying a magnetic field, in particular a rotating and/or
local magnetic field, to the working structure are provided.

In a particularly advantageous embodiment of the inven-
tion, the working structure has no eflective anisotropy
perpendicular to the migration direction of the domain walls
along the working structure. Such a working structure can be
implemented, for example, 1 the form of a structure in
which the symmetry 1s such that the shape anisotropy
component vanishes perpendicular to the migration direc-
tion of the domain walls. The domain walls can pass through
this working structure, notably along the axis of symmetry
thereof.

The structure 1s then advantageously made of a ferromag-
netic material, which itself has no crystalline anisotropy.
Such a material can be amorphous, for example, and can
comprise a large number of small and randomly oriented
crystallites, so that the crystalline anisotropy, on average, no
longer has an effect. One example of such a material 1s
Permalloy.

As an alternative, however, the working structure may
also have shape anisotropy perpendicular to the migration
direction of the domain walls. This can be compensated for
by opposite and equal, such as crystalline, anisotropy of the
ferromagnetic material, for example. Wires having an ellip-
tical but not circular cross-section can thus be designed, for
example, so that the eflective anisotropy perpendicular to the
migration direction of the domain walls totally vanishes. In
this example, the shape anisotropy can be compensated for
by material amisotropy along one of the principal axes.

The particular dynamic properties of the domain walls,
and notably the elimination of the Walker limit for the
migration velocity thereot along the working structure, take
cllect when the transverse magnetization component in the
center of the domain wall does not have a preferred direction
in the plane perpendicular to the migration direction due to
the (eflective) symmetry around the migration direction. So
as to achieve the aforementioned advantages in terms of
taster input, processing and/or storage, and finally output, of
information, 1t 1s not necessary for the domain walls to be
exactly massless, for eflective anisotropy to exactly vamish,
or for the domain walls to be perfect one-dimensional,
transverse domain walls. The dynamic properties improve
gradually as soon as these requirements are achieved even
approximately.
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In a particularly advantageous embodiment of the mven-
tion, the working structure 1s cylindrical at least in one
section, and here i1s designed in particular as a straight
cylinder and particularly advantageously as a circular cyl-
inder. This 1s the embodiment based on which the inventors
proved the existence of massless domain walls for the first
time. The domain walls migrate along the cylinder axis. It
was found that massless domain walls, when propagating,
merely alter their positions and magnetization directions, but
they do not alter their inner magnetic structures. Given the
high symmetry, a cylindrical working structure has no shape
anisotropy perpendicular to the migration direction of the
domain walls, so that 1t can be produced from amorphous
ferromagnetic material having no crystalline anisotropy,
such as Permalloy. Moreover, such a highly symmetrical
working structure can be well described analytically. The
specific description section describes simulation-based and
analytical examinations using cylindrical working struc-
tures.

In the embodiment of the invention 1n which the working
structure can be designed as a cylinder at least in one section,
this cylinder can, however, also have a polygonal cross-
section, 1n particular having a even number of corners, and
still more preferably having 6, 8 or 12 corners. A straight
circular cylinder can thus be approximated, for example, and
additionally further boundary conditions that exclude pre-
cisely this straight circular cylinder can be satisfied. The
higher the number of corners, the lower 1s the shape anisot-
ropy that must be compensated for by other solutions (such
as material anisotropy).

At least 1n one section, the working structure advanta-
geously has a diameter of 100 nm or less, and preferably of
50 nm or less. Advantageously, it has a diameter that 1s no
more than 20 times, and preferably no more than 10 times,
the exchange length of the ferromagnetic material. The
exchange length 1n a ferromagnet i1s defined by the material
parameters thereof and 1s typically approximately 5 nm.
Magnetization typically remains homogeneous on length
scales that do not much exceed the exchange length. If the
diameter 1s significantly larger than the exchange length, the
structure and dynamic properties of the domain walls change
because the long-range ferromagnetic order breaks down.

The ferromagnetic material of the working structure 1s
advantageously magnetically soit material. A soft magnetic
material has a coercive field of less than 1000 A/m. In a
particularly preferred embodiment of the invention, the soft
magnetic material 1s Permalloy.

In a particularly advantageous embodiment of the mven-
tion, the magnetic field sensor 1s a GMR sensor. Such a
sensor 1s a thin-film sensor and can thus advantageously be
produced, together with the working structure, integrated on
a substrate.

In a further advantageous embodiment of the invention,
means for measuring the electrical resistance of the working
structure, or of a section of the working structure, are
provided. Because of the anisotropic magnetoresistance
(AMR), this resistance depends on the number of domains
contained 1n the working structure, or in the section. It 1s
thus also dependent on the number of domain walls con-
tained there.

The magnetoelectronic component can be a shift register
for digital data. The digital data can then be encoded into the
distance between two consecutive domain walls, in the same
manner as the coding that i1s typical of hard drnives. The
velocity at which the domain walls pass through the working
structure, which 1s not limited by the Walker limait, increases
the speed with which such a shift register can be accessed,
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so that this can combine the speed of DRAM memory
devices as well as the reversibility and non-volatility of hard
drives with each other.

The magnetoelectronic component, however, can also be
a logic gate, for example. Such a gate uniquely associates an
output-side logical value with one or more input-side logical
values. Just how quickly this 1s done when the logical values
are coded 1n the form of domain walls depends on the
velocity at which these domain walls pass through the gate.

In the specific description section, the inventors have
demonstrated, through analytical computations, that mass-
less domain walls exist in a working structure that has a
cylindrical design 1n at least some sections. Over the course
of this work i1t was found that the angular velocity at which
the magnetization direction of massless domain walls rotates
perpendicular to the migration direction through the working
structure 1s dependent on the non-adiabatic spin transfer
torque term, which 1s typically diflicult to determine and 1s
added to the Gilbert equation so as to detect spin current-
induced eflects. The mvention thus also relates to a method
for measuring the non-adiabatic spin transier parameter {3 of
a ferromagnetic material.

This parameter describes the magnitude of a component
of the torque that acts on the local magnetization of the
working structure when conduction electrons pass through a
terromagnetic working structure. To this end, the spin of the
conduction electrons interacts with the local magnetization.
As a result of this interaction, a torque that 1s divided into
two components acts on the local magnetization, with these
components being positioned perpendicularly to each other
and defined as the adiabatic spin transier term and non-
adiabatic spin transier term. The mathematical form of these
torque terms will be described later in the accordingly
expanded Gilbert equation. The parameter {3 15 a non-
dimensional coeflicient describing the magnitude of the
component of the torque that 1s related to the non-adiabatic
term.

In physical respects, adiabatic and non-adiabatic spin
transier effects, and the components of the torque exerted on
the magnetization that are related thereto, differ 1n two
different manners 1 which the spin of the conduction
clectrons 1interacts with the local magnetization. In the
adiabatic case, 1t 1s assumed that the spin of the conduction
clectrons 1nstantancously adapts to any location of the
ferromagnetic sample of the local magnetization. Thus,
when an electron current flows along an inhomogeneously
magnetized structure, the electron spin continuously, and
substantially instantaneously, adapts to the local magnetiza-
tion direction. This rotation of the electron spin 1s associated
with a change 1 angular momentum. Because the total
angular momentum 1s preserved, an accordingly opposed
angular momentum 1s transferred to the magnetization. This
change 1n the angular momentum per unit of time corre-
sponds to the adiabatic spin transfer torque that acts on the
magnetization.

The non-adiabatic case takes into account the fact that the
spins of high-energy conduction electrons cannot fully and
instantaneously adapt to the local magnetization direction
when flowing through 1nhomogeneously magnetized
regions. This results in maladjustment of the electron spin
with the local magnetization, which 1s likewise associated
with a torque. The magnitude of this eflect 1s presently
largely unknown and i1s the subject of intense and contro-
versial discussions in the technical literature. The magnitude
of this effect 1s generally quantified by the non-adiabatic spin
transier parameter (3. Until now, this value has been very
difficult to determine experimentally. The subject matter of
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the method 1s therefore a drastically simplified and substan-
tially model-independent determination of 3 as compared to
the prior art.

According to the invention, the angular velocity 1s mea-
sured at which the magnetization direction of, notably
massless, domain walls rotates about the direction of migra-
tion when the domain walls pass through a working structure
made of ferromagnetic material.

An electron spin that 1s mtroduced 1n the ferromagnetic
working structure can be in precession about the magneti-
zation direction of the structure. As a result of preserving the
angular momentum, this magnetization direction subse-
quently also changes.

The dynamics of the normalized localized magnetization

m is described by the expanded Gilbert equation

Cfﬁ — ., 4
— =YH y Xm+ —

N - N N
P V| V)m + —mX [(M-V)m]

cfr__(ul M

This equation takes the current-induced magnetization
dynamics 1nto consideration in the latter two terms. M_ 1s the

saturation magnetization, v 1s the ﬁeﬁ gyromagnetic ratio,
Heﬁ»is the effective field, o 1s the Gilbert damping factor, and

3 1s the non-adiabatic spin transier parameter. The vector u

1s defined as

gugP.,
2eM. J

_}
= —

Herein, the current density 1s, g is the Lande g-factor, i,
1s the Bohr magneton, ¢ 1s the elementary charge, and P 1s
the spin polarization rate of the current.

The non-adiabatic spin transier parameter {3 describes the
magnitude of the non-adiabatic contribution of the spin
transier eflects, by which the conduction electrons interact
with the local magnetization when they pass through inho-
mogeneously magnetized regions (such as through a domain

wall) and thus exert a torque on the magnetization.

The inventors found that the angular velocity at which the
magnetization direction ol massless domain walls rotates
about the direction of migration when passing through the
working structure 1s dependent on the difference (p—a)
between the non-adiabatic spin transier parameter 3 and the
Gilbert damping factor c.. By now being able to measure the
angular velocity, it 1s possible to determine p because the
value of a can be determined in a wide variety of ways.
According to the prior art, only  was diflicult to measure.

In an advantageous embodiment of the invention, for
example, the value of o (Gilbert damping factor) 1s deter-
mined based on the velocity at which the domain walls pass
through the working structure under the influence of the
external magnetic field.

In a further advantageous embodiment of the invention,
the value of the spin polarization P 1s determined based on
the velocity at which the domain walls pass through the
working structure under the influence of an electric current.
It was found that the relationship between this velocity v and
the spin polarization P 1s given by

() ()5
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The left side of the equation has the measurement variable
v, which 1s to say the domain wall velocity, and the right side
has the required polarization P. The first term on the right
side contains only o and 3. The value of this first term can
be equated to 1 with very good approximation because both
a. and {3 are typically much smaller than 1:

1

ll2

(o)

As an alternative, the values of o and {3 can be determined
individually using the method according to the invention and
then be employed.

The second term on the right side of the equation for the
domain wall velocity contains only physical constants (Bohr
magneton L, elementary charge e, the Lande g-factor g) and
the saturation magnetization M_, which 1s typically known
from tables in the literature or the like, as 1t 1s a materal-
specific variable.

Other factors that remain in the equation include the
clectric current density 1, which 1s known based on the total
current and the cross-section of the working structure, and
the required spin polarization P. The value of P can thus be
casily determined based on the measurement of the domain
wall velocity v when using known values. The spin polar-
ization P 1s a highly technologically relevant quantity in
spintronics. Achievements 1n this field are frequently mea-
sured based on the degree of spin polarization P that can be
produced, mnjected 1 a component and preserved by this
component during processing.

The value of p (non-adiabatic spin transier parameter) 1s
advantageously determined based on the frequency at which
the magnetization direction of domain walls undergoes
dipole oscillations under the influence of a current tlowing
through the working structure. This frequency 1s directly
coupled, by a factor of 2w, to the angular velocity at which
the magnetization direction of massless domain walls rotates
about the direction of migration when passing through the
working structure. Experimentally, 1t 1s easier to measure the
frequency of the dipole oscillations than to directly measure
the angular velocity.

The angular velocity o of the domain wall can be mea-
sured by way of the corresponding frequency of the dipole
oscillations (1=w/2m), which can be determined by means of
a suitable magnetic field sensor, for example. In practical
experience, however, it will be very diflicult, 1n many cases,
to directly distinguish between positive and negative values
of w. Differing algebraic signs of ® describe rotations of the
domain walls in opposing directions. So as to eliminate the
ambiguity of the value of 3 which results from the unknown
algebraic sign of m, a longitudinal magnetic field can addi-
tionally be applied, which can be used to move the domain
walls along the working structure, 1n addition to the electric
current. This additional magnetic field effects a change 1n the
angular velocity by a value Aw that 1s proportional to the
field strength. It 1s thus possible to distinguish between the
cases of —m and +w, which originally were hard to separate
from each other, because the more easily measured absolute
value of the oscillation frequency I increases 1n one case
lm+Am| and decreases 1n the other case |-w+Aw| (without
limiting the generality of the invention, 1t was assumed here
that Aw 1s positive, which 1s to say that the magnetic field 1s
present 1n the positive z direction, counter to the migration
direction of the domain walls).
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Notably the magnetoelectronic components according to
the main claim and the additional independent claim can be
employed to carry out the method. These also serve as
measuring nstruments.

The subject matter of the imnvention will be described 1n
more detail hereafter based on figures, without thereby
limiting the subject matter of the invention.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1: 1s a configuration of a transverse domain wall 1n
a cylindrical wire having a length of 4 um and a diameter of
10 nm;

FIG. 2: 15 a sketch of the characteristic rotary motion of
the magnetization direction of domain walls 1n a cylindrical
wire;

FIG. 3: shows the linear velocity of the domain wall as a
function of the current density 1n a cylindrical wire (sub-
image a); the displacement of the domain wall as a function
of time for various current density values (sub-image b); a
comparison of the velocities of the domain walls 1n cylin-
drical wires having two different diameters (sub-image c);
and

FIG. 4: shows the dynamics of the magnetization direc-
tion 1n the domain wall.

DESCRIPTION OF THE PREFERRED
EMBODIMENTS

The particularly preferred embodiment of a cylindrical
working structure was examined both by way of micromag-
netic simulations and analytically. The simulation was car-

ried out for the normalized local magnetization m using a
finite element algorithm based on the aforementioned Gil-
bert equation.

In the exemplary embodiment that was examined, the
working structure 1s a wire made of Permalloy (Py) having
the material parameters u,M =1 T (saturation magnetiza-
tion), vanishing anisotropy and exchange constant
A=1.3*10""" J/m. Such a working structure can be used as
a magnetic shift register, for example.

FIG. 1 shows the configuration of a transverse domain
wall 1 a cylindrical wire having a length of 4 um and a
diameter of 10 nm, which was obtained as the result of the
simulation. The Cartesian coordinate system that was used
for the simulation and a spherical coordinate system that was
employed for the analytical examination are shown on the
bottom left of FIG. 1. For comparison, the configuration of
a transverse domain wall 1n a Permalloy strip having a width
of 100 nm and a thickness of 10 nm 1s shown as an inserted
image at the top night of FIG. 1. For the simulation, the
volume of the wire was discretized into 259,200 tetrahe-
drons having a cell size of approximately 1.25 nmx1.25
nmx5 nm. Given the axial symmetry, the structure of the
wall and the energy thereol are invariant with respect to the
rotations of the magnetization in the xy plane.

The domain wall moves 1n the direction of the electron
flow (negative z direction) under the influence of an electric
current along the positive z axis. In addition to the linear
motion along the wire axis, the magnetization direction of
the domain wall rotates about the wire axis.

FIG. 2 shows this characteristic rotary motion of the
magnetization direction. The black cross-sections of the
wire shown here 1 the form of a tube indicate the positions
of the domain walls at various times t, to t.. The arrows 1n
these cross-sections indicate the orientations of the trans-
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verse magnetization direction of the domain wall at these
times at these locations. The helix inscribed in the wire
illustrates the precession motion of the domain wall. In the
simulations, o was fixed at 0.02, while the value of [ varied
between 0 and 0.1.

FIG. 3a shows the linear velocity v of the domain wall as
a Tunction of the current density 1 1 a cylindrical wire
having a diameter of 10 nm for ¢=0.02 and four different
values of p. The lmmes 1 FIG. 3a represent analytically
computed values of u. The velocity 1s linearly dependent on
1 and 1s mndependent of 3. For comparison, the motion of the
domain wall in a thin strip was simulated using the same
parameters (inserted image in FIG. 3a). The lines 1n this
inserted 1mage are merely a graphical sketch of the func-
tional curves based on the simulated 1individual values. The
wire behaves fundamentally differently from the strip. No
intrinsic pinning 1s found in the wire for p=0. In contrast, a
mimmal (critical) current must be injected in the strip in
order to trigger the motion of the domain wall. For small
values of j, the velocity of the domain wall was low and
independent of j. This can be attributed to a magnetostatic
cellect, which 1s related to the fimite sample size: If the
domain wall 1s moved out of the center of the sample, a

longitudinal magnetostatic field 1s obtained.

It should also be noted that the domain walls 1n the round
wire are massless. The profiles thereof do not change during,
the motion. The simulation did not produce any mass
whatsoever for the domain wall even 11 unrealistically high
values were assumed for 1 or external magnetic fields, at
which the domains break down due to nucleation processes.
Whether the domain walls are massless strictly mathemati-
cally or only practically, however, 1s 1rrelevant for the
technical application in the magnetoelectronic component,
and specifically in the shift register.

The structure of the domain wall 1n the cylindrical wire
does not break down because of the Walker limit. The
Walker limit, however, 1s reached 1n the strip when 3>a. As
1s indicated by the arrows in the mserted 1image 1n FIG. 3a,
this results 1n a severe drop 1n velocity.

The velocity of the domain wall 1n the cylindrical wire 1s
not dependent on [3. The strip, 1n contrast, exhibits strong
dependence on [3. In the round wire, the domain wall
achieves a constant velocity immediately after the current 1s
activated. This observation agrees with the domain wall
having no mass or inertia.

FIG. 35 illustrates this unimpaired motion of the domain
wall. Here, the displacement d of the wall 1s plotted as a
function of the time t for three different values of j.

FIG. 3¢ shows a comparison of velocities of the domain
walls 1n cylindrical wires having two diflerent diameters (10
nm and 40 nm). This shows merely low dependency on the
wire diameter.

FIG. 4 summarizes the dynamics of the magnetization
direction 1n the domain wall. The drawing shows the angular
velocity at which this magnetization direction rotates, over
the current density j, for three different values of 3. An
inserted 1mage on the bottom lett of FIG. 4 shows a
comparison of the angular velocities between the wire that
1s 10 nm thick and the wire that 1s 40 nm thick. Analogous
to the linear displacement of the domain wall, the angular
velocity at which the magnetization direction rotates 1s
linearly dependent on 7. However, 1t also depends on [3; 1t
was found that 1t 1s proportional to (3—c.). The direction of
rotation changes with a={3, where the magnetization direc-
tion of the domain wall ideally does not rotate. In the
simulation, slow rotation 1s also obtained in this case. This
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1s due to a magnetostatic effect, which can be attributed to
the finite length of the simulated wire.

In order to examine the physical background of this
simulated data, the field at which the structure of Bloch
domain walls breaks down as a result of the Walker limit was
computed using an analytical model, which was developed
in (A. Mougin, M. Cormier, J. P. Adam, P. J. Metaxas, J.
Ferre, “Domain wall mobility, stability and Walker break-
down i1n magnetic nanowires”, BEurophysics Letters 78,
57007 (2007)). The spherical coordinate system shown on
the bottom left of FIG. 1 was employed. The angular
velocities of magnetization depend as follows on the torques
lab acting on the wall:

. db v
g = P _—EFE,
. do Y

= — :——r
¢ dat M, ¢

The expression for the total torque acting in the domain
wall 1s provided in Equation 10 of Mougin et al. There, a
static magnetic field H, which acts along the z direction, a
demagnetization field, an equvalent damping field, which
describes the torque caused by damping, and an electric
current flowing in the z direction are taken into consider-
ation. Utilizing the cylinder geometry of the wire and the
simplification that only the center of the domain wall
(®=m/2) 1s taken 1to account, all terms that belong to the
demagnetization field can be eliminated, resulting in the
following:

aM,. Muodb
r,g = t;b-l-
Yy Yy 0z |we
aM,, PMudf
rgﬁ:_MSH_ 9_ E
Y y 0% |we

where the index we denotes the center of the domain wall.

For the sake of simplicity, initially the motion of a domain
wall which 1s driven by a static external magnetic field
acting along the z axis was examined. With u=0, this results
n:

0 = —ao

vH
1 +a?

¢

In the static external field, the domain wall (apart from a
prefactor 1/(14+0%) that is close to one) is in precession at the
Larmor frequency and moves 1n the field direction as a result
of the damping. As far as the achievable velocity 1s con-
cerned, the motion of domain walls which i1s driven by an
external field 1s of lesser interest given the weak prefactor a.

H=0, instead of u=0, was assumed for the motion of
domain walls which 1s driven by an electric current, result-

ing in the following:

(1 +ap)u 00
1 + a2

Az |we
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-continued
(B —a)u db
1 +a*

b =

dz |we

These equations show how the adiabatic term influences
the linear motion of the domain wall, while the difference
between the non-adiabatic term and the damping term
influences the rotation of the magnetization direction. In
contrast, with Bloch domain walls or transverse domain
walls 1n strips, the damping term and/or the non-adiabatic
term create a distortion of the domain wall, which 1s to say
a non-vanishing mass. This non-vanishing mass causes
various undesirable effects, such as intrinsic pinning and the
Walker limit for the velocity. The critical current, or the
critical field, at which the domain wall structure breaks
down as a result of the Walker limit 1s typically defined as
the point at which the center of the domain wall begins to
rotate out of the original plane thereol (¥=0). When the
working structure 1s a wire, however, the symmetry thereof
allows the magnetization of the domain wall to rotate freely,
without the domain wall becoming deformed. The angular
velocity here depends on (—c.), while the linear velocity at
which the domain wall moves 1s independent of 3.

It is remarkable that both 6 and ¢ are proportional to
o0/azl ., which 15 a measure of the width of the domain
wall. The width of the domain wall 1s not relevant for the
linear velocity v because v=0-3z/30. The linear velocity is
thus substantially equal to u, which 1s plotted in FIG. 3a in
the form of lines. This explains why the linear velocity, as
shown 1n FIG. 3¢, 1s independent of the thickness of the

wire, although the thicker wire forms wider domain walls.
This 1s consistent with the simulation 1n the nserted image
on the bottom left of FIG. 4, which shows that the angular
velocity 1s less 1n the thicker wire. The lines 1n FIG. 4 show
analytical values of the angular velocity for various values
of 3. These lines were obtained using a value for a®/az|
that was extracted from a simulated domain wall profile. The
simulation also confirms, almost perfectly, the result that
was obtained analytically, which 1s that the same angular
velocities should develop for 1dentical (Pp—c) that are 1den-
tical 1n terms of the absolute values and have differing
algebraic signs.

The dependence of the angular velocity on the difference
between ¢ and p opens up interesting possibilities for
measuring the non-adiabatic spin transier parameter [3,
which 1s the prefactor for the non-adiabatic spin transier
torque term and which 1s typically dithcult to determine. The
characteristics of the field- and current-driven motions of
domain walls 1n round wires should allow precise determi-
nation of this information, because the value of a follows
from the field-driven velocity. The value of 3 can then be
determined based on the frequency of the current-driven
dipole oscillations, which tollow trom the expressions for 6
and ¢ 1n the current-driven case. The polarization rate P,
which 1n this case 1s almost identical to u, can also be
determined from the current-driven velocity of the domain
wall (see FIG. 3 and the corresponding explanations in the
general description section).

The determination of the non-adiabatic spin transier
parameter p according to the method proposed here can
begin with knowledge of, or when having experimentally
determined, the value of the damping parameter a. The
value of o 1s advantageously measured based on the mea-
surement of the velocity at which the domain walls move
along the working structure under the influence of a longi-
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tudinally applied magnetic field. According to the aforemen-
tioned dynamics, this velocity 1s given by

o |

_ A H
T+a2 ' 90/97|.

V=

In addition to the damping constant ¢, the velocity 1s thus
dependent on the gyromagnetic ratio v and the magnetic field
strength H of the driving field as well as on the magnetic
structure of the domain wall. The c®/0zl . value describes
the gradient of magnetization along the working structure in
the center of the domain wall. It 1s related to the domain wall
width and can be determined by analytical models, experi-
mental measurements, or computer simulations. The value
of a. can thus be determined according to the above equation,
because this 1s the only unknown varnable 1n this equation.
Mathematical ambiguities that occur 1n solving the quadratic
equation for a can be eliminated by the condition a<<1.

After the value of a 1s determined, 3 can be determined
based on the frequency of the dipole oscillations that the
domain walls perform while they are moved through the
working structure under the influence of an electric current.
The angular velocity o 1s given by

 B-a 86
B 1+w2H8z WC

(0=

where the value of a®/3z| . can again be determined by
measurement or estimated by computations. The value of u
1s g1ven by

- gusl
DeM, J

Il =

Possibilities for determining the variables that occur 1 u
were described above. This creates a direct, simple relation-
ship between the measurable angular velocity @ and the
required value of the non-adiabatic spin transier parameter

3.

The mvention claimed 1s:

1. A method for measuring the nonadiabatic spin transier
parameter {3 ol a ferromagnetic material, comprising:

measuring angular velocity wherein magnetization direc-

tion of domain walls rotates about a direction of
migration when the domain walls pass through a work-
ing structure made of the ferromagnetic material and
wherein a non-adiabatic component of said angular
velocity results from a local maladjustment between
spin and magnetization in the ferromagnetic material.

2. The method according to claim 1, wherein the value of
the Gilbert damping factor 1s determined based on the
velocity at which the domain walls pass through the working
structure under the influence of an external magnetic field.

3. Amethod according to claim 1, wherein the value of the
spin polarization P 1s determined based on the velocity at
which the domain walls pass through the working structure
under the influence of an electric current.

4. A method according to claim 1, wherein the non-
adiabatic spin transier parameter b 1s determined based on
the frequency at which the magnetization direction of
domain walls undergoes dipole oscillations under the influ-
ence of a current flowing, through the working structure.
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5. A magnetoelectronic component, comprising:
a longitudinally-extending working structure made of a

ferromagnetic material that generates a magnetic field,

and
at least one magnetic field sensor for sensing the magnetic
field generated by the working structure,
wherein the working structure, when an electric current 1s
received at the working structure, 1s configured to
comprise:
magnetic first domain walls that migrate along the work-
ing structure, and
massless domain walls having a transverse magnetization
direction of which 1n a center has no preferred direction
in a plane perpendicular to a migration direction along
the working structure, and
wherein the massless domain walls have a predominant
direction of magnetization in a center of the working
structure so as to comprise frontal domain walls having
a magnetization, along a migrating direction through
the working structure, that 1s rotated by 180 degrees.
6. A magnetoelectronic component according to claim 5,
wherein the working structure has no shape anisotropy
perpendicular to the migration direction of the massless
domain walls.
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7. A magnetoelectronic component according to claim 5,

wherein the working structure has matenial anisotropy.

8. A magnetoelectronic component, comprising:

a longitudinally-extending working structure made of a
ferromagnetic material that generates a magnetic field,
and

at least one magnetic field sensor for sensing the magnetic
field generated by the working structure,

wherein the working structure, when an electric current 1s
received at the working structure, 1s configured to
comprise:

magnetic first domain walls that migrate along the work-
ing structure, and

massless domain walls having a transverse magnetization
direction of which 1n a center has no preferred direction
in a plane perpendicular to a migration direction along
the working structure, and

wherein the massless domain walls have a predominant
direction of magnetization in a center of the working
structure so as to comprise transverse domain walls
having a magnetization, along a migrating direction
through the working structure, that 1s rotated by 90
degrees.
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